Abstract. The chemical composition of aerosol particles is a key aspect in determining their impact on the 13 environment. For example, nitrogen (N)-containing particles impact atmospheric chemistry, air quality, and ecological 14 N-deposition. Instruments that measure total reactive nitrogen (Nr = all nitrogen compounds except for N2 and N2O) 15 focus on gas-phase nitrogen and very few studies directly discuss the instrument capacity to measure the mass of Nr
coupled with both NO and CO2 detectors allows simultaneous measurements of Nr and total carbon (Cy).
23
Many traditional particle instrument calibration methods involve measurements of particle properties by 24 inertial, gravitational, diffusional, electrical (e.g. sizing), thermal, or optical measurement devices (Chen et al., 2011).
25
Generally, direct mass concentration calibration techniques involve off-line analysis of filters or semi-real time 26 measurements (e.g. PILS combined with ion chromatography). More rapid techniques directly measure number 27 concentrations and particle sizes. However, these methods often require knowledge of aerosol properties (e.g.
28
composition, shape, density, refractive index) and sampling parameters (e.g. volumetric flow rate, pressure, 29 temperature, relative humidity) in order to determine mass concentrations. The Nr system is an alternative that directly 30 measures mass traced back to gas phase calibration standards instead of relying on particle size, shape, or refractive 31 index.
32
In order to demonstrate the application of the Nr system to directly measure particle mass to calibrate particle 33 mass measurement instrumentation, we compare mass concentrations measured by a new approach of directly 34 coupling a particle-into-liquid sampler to the electrospray ionization source of a quadrupole mass spectrometer (PILS- Sorooshian et al., 2006) . Here, we couple the PILS with an independently calibrated electrospray interface 1 followed by mass spectrometric detection to obtain on-line mass measurements of single-component, laboratory generated, Nr-containing aerosol that can be directly compared to the calibration obtained with the Nr system.
3
In this work, we present the converter set-up, system methodology, and evaluate the particle-conversion 4 efficiency of a custom Nr system for several atmospherically relevant Nr-containing particles. The conversion 5 efficiency of the Nr-catalyst was evaluated by comparing the Nr mass signal with the mass calculated from instrument 6 calibration techniques that measure the particle number size distributions of laboratory-generated aerosols of known 7 composition. We then show the quantitative conversion of organic carbon across the instrument's platinum catalyst 8 followed by CO2 detection. Finally we compare particle mass directly measured using the PILS-ESI/MS with that 9 measured by the Nr instrument. The primary objectives are to characterize particle conversion in the Nr system, and 10 to investigate the capabilities of the Nr system as a calibration instrument that directly measures particle mass 
25
catalysts of this kind are also known to oxidize NO to NO2, which has been the source of problems with some previous 26 systems that were designed to measure atmospheric ammonia (NH3) (Schwab et al., 2007) . In our system, the Pt 
34
often required considerable de-tuning to keep the instrument count rates below the roll-over point of the photon counting electronics (approximately 5 MHz) for the particle concentrations generated, thus the detection limit was 1 closer to 0.1 ppbv (corresponding to 0.3 µg m -3 for aerosol nitrate).
Total carbon (Cy) system
3 Measurements of total carbon (Cy) were accomplished by catalytic conversion to carbon dioxide (CO2) and 4 detection using a CO2 analyzer. The high-temperature (750°C), platinum catalyst ( Fig. 1 ) in the Nr system should 5 quantitatively convert carbon containing species to CO2 in the presence of air. Gas-phase carbon conversion across 6 similar precious metals has been studied extensively (see for example the Pt catalyst used in Veres et al., 2010) . The 7 total flow through the Pt catalyst was set to ~1.5 standard L min -1 and was then split before the MoOx catalyst. In our 8 sampling scheme 0.5 sL min -1 of flow was directed to a LICOR 6251 (LI-6251; Lincoln, NE) CO2 analyzer, while the remaining flow, 1 sL min -1 , was directed through the MoOx catalyst and to the NO-O3 chemiluminescence detector 10 as detailed in Sect. 2.1.1. Run in this manner, the conversion of compounds that contain both N and C atoms can then 11 be measured simultaneously using the NO-O3 chemiluminescence detector and LI-6251 detector in parallel.
12
The LICOR instrument was internally referenced to scrubbed zero air. At ambient CO2 levels, it is
13
challenging to retrieve reliable measurements since the signal relative to the background abundance of CO2 is small.
14
In order to evaluate organic carbon conversion efficiency, our approach relies on using ultra-pure air for aerosol 15 generation and carrier gas flow, therefore ambient CO and CO2 is eliminated. The LI-6251 was calibrated with sub-5
16
ppm CO2 standards (Scott-Marin Inc., Riverside, CA) in ultra-pure air. Due to the low signals levels and the 17 uncertainty of the low concentration CO2 standards, the overall uncertainty of the CO2 measurements below 1 ppmv
18
presented in this work is ± 10% for 10 second averages.
19

PILS-ESI/MS
20
A schematic of the PILS-ESI/MS is shown in Fig. 2 
27
The PILS liquid output flow was set to 100 µL min -1 and was continuously mixed with an acetonitrile flow
28
(100 µL min -1 ). 
21
The efficiency of conversion of several N-containing gases by the Nr catalyst was determined through
22
addition of a number of representative compounds that were calibrated independently. The NO signal from the 23 converted species was then compared to the signal from an NO in N2 standard (5.38 ppmv, Scott-Marrin Inc.,
24
Riverside, CA) that was used as the working standard for this project. Typical calibration levels were in the range of 25 50 to 100 ppbv as determined by the mass flow controllers used to mix the standard into the measurement stream. The 26 standards used for each compound and their associated calibrations were as follows.
27
The NO2 standard stream was produced from the NO working standard through gas-phase titration with a 28 small stream of O2 in which O3 had been produced by photolysis at 184.9 nm using a mercury discharge lamp. This 
33
The ammonia (NH3) conversion was examined using two different NH3 sources, a gas mixture (3.1 ppmv in of these standards was accomplished by ultraviolet (UV) absorption spectroscopy at 184.9 nm wavelength using an 
4
The hydrogen cyanide (HCN) standard consisted of a commercial gravimetric mixture of HCN in N2 (10 5 ppmv, GASCO Oldsmar, FL), which was mixed into the system using a mass flow controller. The specified 6 uncertainty of this mixture was ±10%, and the standard concentration was verified using long-path Fourier-transform 7 infrared (FTIR) spectroscopy to within the stated uncertainty. The HCN standard was used to produce a gas phase 8 stream of cyanogen chlorine (ClCN) by reaction with chloramine-T, a non-volatile chlorinating agent, which has been 9 described previously (Valentour et al., 1974 
16
The isocyanic acid (HNCO) standard was prepared according to the methods described by Roberts et al.
17
(2010), in which the trimer, cyanuric acid, was thermally decomposed at 250°C in a diffusion cell to produce a steady 
12
Longmont, CO) to continuously measure the particle concentration and size distribution for particles with diameters
13
between ~63 and 1000 nm.
14
For the liquid concentrations, atomizer conditions, and DMA settings used here, the DMA output size
15
distribution was a multi-peaked population consisting not only of singly charged particles but also particles with mass could not be calculated directly from the singly-charged mobility diameter, particle density, and the CPC number
18
concentrations. We generally used two methods to calculate the particle mass concentrations for these experiments.
19
For the first method, the size distributions were measured using the scanning mobility particle sizer (SMPS; Wang
20
and Flagan, 1990) function of the DMA (physical diameter, Dp = 1-1000 nm). We used the DMA transfer theory 
27
we directly measured the diluted, DMA output using the UHSAS. UHSAS particle sizing is a function of the amount 28 of light scattered onto the photodetectors, which depends not only on the particle size, but also on the composition- 
31
characterized and have known refractive index (n = 1.58) and shape. Because the UHSAS sizing is sensitive to particle 32 refractive index, a new sizing calibration curve was produced for each studied particle type (i.e. refractive index) using 33 a DMA to select particles for a range of known sizes (Kupc et al., 2018) . These calibration curves were used to retrieve 34 accurate particle size distributions that properly accounted for the multiply charged particles.
other, however, the CPC values did not require coincidence corrections and had a better signal to noise ratio. Due to 6 problems with measuring SMPS size distributions and requiring coincidence corrections for the UHSAS number 7 concentrations, we used the UHSAS size distributions with the total particle number taken from the CPC measurement 8 to calculate particle mass from total volume and density. 
Nitrogen-containing particles
The measurement of particle phase Nr requires decomposition or volatilization of the solid material, followed
11
by catalytic conversion to NO (or NO2). Broadly, there are three types of Nr-containing particles, with a range of 12 thermal stabilities from volatile to refractory. First, there is considerable literature that indicates that small particles 13 composed of two major semi-volatile species, ammonium nitrate (NH4NO3) and ammonium chloride (NH4Cl), will gas phase NH3 and HNO3. The second type of Nr-containing particles include intermediate stability compounds
17
consisting mostly of nitro-organics (R-NO2), organic nitrates (RONO2), and amine and ammonium salts of acids.
These compounds begin to decompose at relatively low temperatures. For example, thermal decomposition studies of 
31
We verified the efficiency of conversion of a range of gas phase Nr compounds in this catalyst system using 32 calibrated gas mixtures or standard streams and auxiliary analysis methods as described in Sect. 
26
The atomizer output was diluted with particle-free nitrogen and ultra-pure zero air, therefore, the Nr 27 measurement should theoretically be attributed to particles only since no detectable gas-phase nitrogen is added to the 28 sample stream. However, equilibration within the sample lines may result in outgassing and formation of gas-phase 29 compounds affecting total Nr detection. Fig. 3(a) shows the initial response of the Nr system in cleaned inlets for
30
NaNO3. The Nr mass signal tracks the CPC-derived aerosol mass features closely as the aerosol source concentrations 31 fluctuate. Additionally, as different particle sizes are selected by the DMA for (NH4)2SO4 (Fig. 3(b) ), changes in the 32 total Nr response is fast and precisely tracks the changes in the CPC signal. The potential gas-phase constituents equilibrating in the lines from aerosols in this study include HNO3, HCl, and NH3. If these compounds formed before particles) would be indicated by a delayed and lengthened rise/fall in the Nr response with sudden changes to the input 1 concentrations. However, the total Nr response precisely tracks the CPC signal on rapid timescales (a few seconds) 2 suggesting that gas-phase NH3 was not present in significant quantities. In experiments at exceptionally high aerosol 3 loading of (NH4)2C2O4 (up to several ppmv of total Nr , i.e., several thousand µg m -3 ) Nr signal "tailing" was observed 4
suggesting that NH3 was scavenging to the walls of the inlet before the heated quartz tubing.
atomization through conductive tubing at relatively high sample flow rates. Additionally, we use a DMA to size-select 11 the atomized polydisperse aerosol to evaluate the particle conversion efficiency at several different diameters (100 -12 600 nm in 50 nm increments) to investigate the volatilization effects and conversion efficiencies of smaller particles
13
for the extended list of Nr-containing aerosols studied in our work.
14 3.2.2 Challenges using the DMA/SMPS to determine Nr-particle conversion efficiency
15
The voltage scanning (SMPS) function of the DMA and number concentration measurements by the CPC is 16 a conventional method to determine particle size distributions, and for calculating particle mass from total volume and density, assuming spherical particles. For the total nitrogen measurements, the total particle-bound Nr mixing ratios 
24
For larger particles, we used a UHSAS to determine the size distribution of multiply-charged species exiting 25 the DMA. The SMPS inversion-derived size distributions were generally broader than the UHSAS size distributions, 
32
demonstrate the added challenges in particle mass determination using estimated size distributions from the SMPS 33 method. For the remaining discussion, we measure the size distributions directly using the UHSAS with particle 3.2.3 Determining Nr-particle conversion efficiency using a DMA and UHSAS
1
For the aerosol mass concentrations (µg m -3 ) calculated using UHSAS particle size distributions, we refer to .
5
The instruments are highly correlated (R 2 = 0.90 -0.99) and the fits indicate that for the salts tested there is quantitative 6 conversion of particulate nitrogen, to within the combined uncertainties of the methods, independent of diameter 7
(range: 100 -600 nm). More detailed particle conversion efficiencies by size are shown in Table 2 for each aerosol 8 tested. On average across all size ranges the results indicate 97 ± 7%, 101 ± 5%; 100 ±10%, and 93 ± 5 % particle 9 conversion efficiencies for NaNO3, (NH4)2SO4, NH4Cl, and (NH4)2C2O4, respectively. The largest deviation from the 10 one-to-one line occurred for (NH4)2C2O4, which may imply some ammonia loss, though the agreement is generally 11 still within 10% for most particle sizes.
12
For the case of NH4NO3, the UHSAS measured size distribution peaked at significantly lower diameters than compounds included in this study and it is reasonable to expect similar particle conversion efficiencies in the Nr system 21 catalysts for NH4NO3 as the other species tested (Table 2) . 
23
The high-temperature platinum catalyst should quantitatively convert carbon containing species to CO2 in 24 the presence of air. Therefore, the addition of a CO2 analyzer to the system as described in Sect. 2.1.2 allows for 25 simultaneous measurements of Nr and Cy. Gas-phase carbon conversion across similar precious metals has been 26 studied previously (e.g. Veres et al., 2010) . The efficient conversion of gas-phase C-compounds in our catalyst system 27 was confirmed using a CO standard in air, and a combination CO2, CO, CH4 standard in air. The following discussion
28
focuses on the conversion of particle-phase organic compounds (OC shown in Fig. 6 for threonine (see Fig. S1 for additional compounds). The relative difference between the Nr and Cy 2 measured concentrations (up to several hundred ppbv) is less than 10%, which is within the propagated uncertainties 3 of the CO2 calibration standards and both detection methods. We conclude that the Nr catalyst with a CO2 detector in 4 parallel can be used as a total carbon measurement system and would be useful to establish instrument calibrations for 5 carbon-containing aerosol. The system is currently limited to calibration of compounds in zero air matrices because 6 ambient levels of the common gas-phase carbon compounds CO2, CO, and CH4 are high. As an example of both gas and particle measurements using the Nr system, we follow with a brief discussion 
30
By confirming particulate Nr-conversion in this system, it is possible that a total N budget can be reconstructed for 31 additional laboratory fires measured during the FIREX laboratory study where individual particle phase Nr data are 32 available.
other aerosol measurement systems. Nr measurements of laboratory generated single-component inorganic and 3 organic aerosol particles were used to characterize the PILS-ESI/MS. The strength of using the Nr system to calibrate 4 the PILS-ESI/MS and other aerosol mass instruments is that it is a direct method to calibrate the entire coupled on-
5
line system. The current calibration approach for nearly all detectors used with the PILS involves liquid-phase 6 standards to calibrate the detection method independently from the PILS. 
11
The mixing ratios (in ppbv) are converted to µg m -3 from the molecular weight of the corresponding anion. We refer
12
to these mass concentrations as "X measured as equivalent Nr" in the remainder of the text, where X is the 13 corresponding anion of the aerosol particle. The anion mass calculated in this way was only necessary when comparing ESI/MS we performed particle mass comparisons using these methods with anion-specific mass concentrations
18
derived from the Nr measurement system. A single-component aerosol was used to minimize complex matrix effects
19
including ion suppression/enhancement common in ESI.
20
An example of the Nr system and PILS-ESI/MS co-sampling a laboratory generated polydisperse aerosol 21 stream is shown in Fig. 8 . Here we did not size-select aerosols, but measured all particle sizes below a 2.5 µm cut-off (URG cyclone, Chapel Hill, NC). There are two reasons for this experimental set-up: (1) Generating a sufficient 
25
Conventionally, the PILS instrument samples with a cyclone with a 1 or 2.5 µm cutoff, which is similar to other mass 26 measurement instruments including the aerosol mass spectrometer (AMS) and filter collection. 
5
NH4NO3 shows a similar, less pronounced trend, however, it is still included in the regression plot as it was difficult 6 to isolate whether this was analyte suppression during electrospray ionization or a linear dynamic range issue. Based 7 on the regression fits in Fig. 9 , the difference between the PILS-ESI/MS and Nr system for each inorganic component 8 is less than 6%. The uncertainty in the ESI signal varies by compound and averaging time, however from the tests 
18
Even though greater aerosol particle mass could be produced by directly sampling the polydisperse output of
19
the atomizer, our analysis also included measurements using the DMA size-selected output. During these tests the 
26
The figures indicate that the PILS-ESI/MS was not given sufficient time to rise to a steady constant concentration for 27 the first diameter selected. This is confirmed by Fig. 10 
10
We report the successful application of a total reactive nitrogen (Nr) system for conversion of gas-phase and
11
particle-bound Nr-compounds. The Nr system was tested using laboratory-generated aerosol from solutions of
12
(NH4)2SO4, NH4Cl, NaNO3, and (NH4)2C2O4. The particle conversion efficiency of each compound was calculated at
13
each size-selected diameter by the ratio of the concentration measured as Nr to mass concentrations calculated from 14 number concentration and size distribution measurements using a CPC and UHSAS. Overall, the particle conversion 
24
aim to distinguish gas-and particle-phase nitrogen contributions to total measured Nr signal using upstream filters and 25 denuders.
26
Additional characterization tests showed the platinum catalyst in the Nr system quantitatively converts both 27 gaseous-and particulate-organic carbon (OC) to CO2 to within the propagated uncertainties of each detection method
28
(± 10% each). The resulting Nr and Cy signals from each detector are in proportion to the number of carbon and 29 nitrogen atoms in the parent molecule. In order for this to be a reliable total particulate carbon measurement system 30 under ambient conditions, a highly accurate and precise CO2 measurement system is imperative to measure the signal 31 above ambient CO2, CO, and CH4 backgrounds. Alternatively, ambient gas-phase constituents could be effectively 32 eliminated from the sampling matrix. For these reasons, the application of the system is currently limited to calibration and physical properties (e.g. morphologies) in particle number calibration methods are avoided. Additionally, this 7 method is an on-line technique that provides a rapid measurement of particle mass unlike off-line mass measurement 8 methods such as filter analyses. The Nr converter described followed by NO and CO2 detection is a viable new 9 approach for calibrating aerosol mass instrumentation for both N-containing and organic carbon particles.
10
Data availability
11
The data from the laboratory tests are available on request. Data from the 2016 Missoula Fire lab are available here: 
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